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(57) ABSTRACT 

A method for forming an optical sensor. First, a structure 
Which comprises a semiconductor substrate is provided. 
Then, a ?rst electrode and a fourth electrode are formed at a 
?rst depth in the semiconductor substrate. Then, a second 
electrode and a ?fth electrode are formed at a second depth in 
the semiconductor substrate. Then, a third electrode and a 
sixth electrode are formed at a third depth in the semiconduc 
tor substrate. The ?rst depth is greater than the second depth 
Which is greater than the third depth. First, second, and third 
semiconducting regions of the semiconductor substrate are 
disposed between and in direct physical contact With the ?rst 
and fourth electrodes, the second and ?fth electrodes, and the 
third and sixth electrodes, respectively. The ?rst, second, and 
third semi-conducting regions are in direct physical contact 
With one another. 
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METHOD OF FORMING OPTICAL SENSOR 
THAT INCLUDES THREE PAIRS OF 

ELECTRODES FORMED AT DIFFERENT 
DEPTHS IN A SEMICONDUCTOR 

SUBSTRATE 

This application is a divisional of application claiming 
priority to Ser. No. 11/164,217, ?led Nov. 15, 2005 now US. 
Pat. No. 7,378,717. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
The present invention relates to semiconductor structures, 

and more particularly, to semiconductor optical sensor struc 
tures having capability of collecting photons at different 
depths. 

2. Related Art 
Photons of different Wave lengths after entering a semicon 

ductor substrate Will go doWn to different depths in the semi 
conductor substrate. Therefore, there is a need for a semicon 
ductor optical sensor structure (and a method for forming the 
same) that can collect photons at different depths in the semi 
conductor substrate. 

SUMMARY OF THE INVENTION 

The present invention provides a semiconductor structure, 
comprising (a) a semiconductor substrate; (b) at least ?rst and 
second electrode blocks in the semiconductor substrate, 
Wherein the ?rst electrode block comprises ?rst, second, and 
third electrodes, Wherein the second electrode block com 
prises fourth, ?fth, and sixth electrodes, Wherein the ?rst and 
fourth electrodes are in direct physical contact With the semi 
conductor substrate at a ?rst depth in the semiconductor sub 
strate, Wherein the second and ?fth electrodes are in direct 
physical contact With the semiconductor substrate at a second 
depth in the semiconductor substrate, Wherein the third and 
sixth electrodes are in direct physical contact With the semi 
conductor substrate at a third depth in the semiconductor 
substrate, and Wherein the ?rst depth is greater than the sec 
ond depth, and the second depth is greater than the third 
depth; and (c) a semiconducting block in the semiconductor 
substrate, Wherein the semiconducting block is disposed 
betWeen the ?rst and second electrode blocks, Wherein the 
semiconducting block comprises ?rst, second, and third 
semiconducting regions, Wherein the ?rst semiconducting 
region is disposedbetWeen and in direct physical contact With 
the ?rst and fourth electrodes, Wherein the second semicon 
ducting region is disposed betWeen and in direct physical 
contact With the second and ?fth electrodes, Wherein the third 
semiconducting region is disposed betWeen and in direct 
physical contact With the third and sixth electrodes, Wherein 
the ?rst, second, and third semiconducting regions are in 
direct physical contact With each other, Wherein there is no 
portion of the ?rst, second, third, fourth, ?fth and sixth elec 
trodes disposed betWeen the ?rst and second semiconducting 
regions, and Wherein there is no portion of the ?rst, second, 
third, fourth, ?fth and sixth electrodes disposed betWeen the 
second and third semiconducting regions. 
The present invention also provides a semiconductor struc 

ture, comprising (a) a semiconductor substrate; (b) at least 
?rst and second electrode blocks in the semiconductor sub 
strate, Wherein the ?rst electrode block comprises ?rst, sec 
ond, and third electrodes, and ?rst and second dielectric 
regions, Wherein the second electrode block comprises 
fourth, ?fth, and sixth electrodes, and third and fourth dielec 
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2 
tric regions, Wherein each of the ?rst, second, fourth, and ?fth 
electrodes has an L-shape, Wherein vertical members of the 
L-shapes of the ?rst, second, fourth, and ?fth electrodes lead 
to a top surface of the semiconductor substrate, Wherein the 
?rst and fourth electrodes are in direct physical contact With 
the semiconductor substrate at a ?rst depth in the semicon 
ductor substrate, Wherein the second and ?fth electrodes are 
in direct physical contact With the semiconductor substrate at 
a second depth in the semiconductor substrate, Wherein the 
third and sixth electrodes are in direct physical contact With 
the semiconductor substrate at a third depth in the semicon 
ductor substrate, Wherein the ?rst depth is greater than the 
second depth and the second depth is greater than the third 
depth, Wherein the ?rst dielectric region is sandWiched 
betWeen the ?rst and second electrodes, Wherein the second 
dielectric region is sandWiched betWeen the second and third 
electrodes, Wherein the third dielectric region is sandWiched 
betWeen the fourth and ?fth electrodes, and Wherein the 
fourth dielectric region is sandWiched betWeen the ?fth and 
sixth electrodes; and (c) a semiconducting block in the semi 
conductor substrate, Wherein the semiconducting block is 
disposed betWeen the ?rst and second electrode blocks, 
Wherein the semiconducting block comprises ?rst, second, 
and third semiconducting regions, Wherein the ?rst semicon 
ducting region is disposed betWeen and in direct physical 
contact With the ?rst and fourth electrodes, Wherein the sec 
ond semiconducting region is disposed betWeen and in direct 
physical contact With the second and ?fth electrodes, Wherein 
the third semiconducting region is disposed betWeen and in 
direct physical contact With the third and sixth electrodes, and 
Wherein the ?rst, second, and third semiconducting regions 
are in direct physical contact With each other. 
The present invention also provides a semiconductor fab 

rication method, comprising providing a structure Which 
comprises a semiconductor substrate; forming a ?rst elec 
trode and a fourth electrode at a ?rst depth in the semicon 
ductor substrate; after said forming the ?rst and fourth elec 
trodes is performed, forming a second electrode and a ?fth 
electrode at a second depth in the semiconductor substrate; 
and after said forming the second and ?fth electrodes is per 
formed, forming a third electrode and a sixth electrode at a 
third depth in the semiconductor substrate, Wherein the ?rst 
depth is greater than the second depth, Wherein the second 
depth is greater than the third depth, Wherein a ?rst semicon 
ducting region of the semiconductor substrate is disposed 
betWeen and in direct physical contact With the ?rst and fourth 
electrodes, Wherein a second semiconducting region of the 
semiconductor substrate is disposed betWeen and in direct 
physical contact With the second and ?fth electrodes, Wherein 
the third semiconducting region of the semiconductor sub 
strate is disposed betWeen and in direct physical contact With 
the third and sixth electrodes, and Wherein the ?rst, second, 
and third semi-conducting regions are in direct physical con 
tact With each other. 
The present invention provides a semiconductor optical 

sensor structure (and a method for forming the same) that can 
collect photons at different depths in the semiconductor sub 
strate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1-13D shoW the fabrication process and operation of 
a semiconductor optical sensor, in accordance With embodi 
ments of the present invention. 

FIGS. 14-18 shoW the fabrication process of another semi 
conductor optical sensor, in accordance With embodiments of 
the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

FIGS. 1-13D show a ?rst fabrication process for forming a 
semiconductor optical sensor 100, in accordance With 
embodiments of the present invention, Wherein FIGS. 1-12B 
shoW perspective vieWs, and FIGS. 12C-13D shoW cross 
section vieWs. 
More speci?cally With reference to FIG. 1, in one embodi 

ment, the ?rst fabrication process starts out With a p-type 
silicon substrate 110. Next, in one embodiment, a nitride 
polish stop layer 120 is formed on top of the p-type silicon 
substrate 110. Illustratively, the nitride polish stop layer 120 
is formed by CVD (Chemical Vapor Deposition). 

Next, With reference to FIG. 2, in one embodiment, a trench 
210 is formed in the nitride polish stop layer 120 and the 
p-type silicon substrate 110. Illustratively, the trench 210 is 
formed by a conventional lithographic process folloWed by an 
etching step. 

Next, With reference to FIG. 3, in one embodiment, a 
dielectric side Wall region 310 is formed on side Walls of the 
trench 210. In one embodiment, the dielectric side Wall region 
310 comprises silicon dioxide. Illustratively, the silicon diox 
ide side Wall region 310 is formed by (i) thin thermal oxida 
tion and then CVD of silicon dioxide to form a silicon dioxide 
layer (not shoWn) on top of the structure 100 (including on the 
bottom Wall and side Walls of the trench 210) of FIG. 2, and 
then (ii) directionally etching back the silicon dioxide layer 
until a top surface 122 of the nitride polish stop layer 120 is 
exposed to the surrounding ambient, and a surface 112 of the 
p-type silicon substrate 110 is exposed to the surrounding 
ambient at the bottom of the trench 210 of FIG. 3. 

Next, With reference to FIG. 4, in one embodiment, the 
trench 210 of FIG. 3 is ?lled With heavily-doped n-type poly 
silicon to form a polysilicon region 410. Illustratively, the 
polysilicon region 410 is formed by (i) CVD of heavily-doped 
n-type polysilicon to form a polysilicon layer (not shoWn) 
everyWhere on top of the structure 100 (including in the 
trench 210) of FIG. 3, and then (ii) planariZing the deposited 
polysilicon layer by CMP (Chemical Mechanical Polishing) 
until the nitride polish stop layer 120 is exposed to the sur 
rounding ambient. 

Next, With reference to FIG. 5A, in one embodiment, a 
trench 510 is formed in the polysilicon region 410 (FIG. 4). 
Illustratively, the trench 510 is formed by a conventional 
lithographic process folloWed by a directional etching step 
Which removes a portion of the exposed polysilicon region 
410 Within the trench 210 (FIG. 2). Hereafter, a remaining 
L-shape polysilicon region 520 of the polysilicon region 410 
(FIG. 4) is referred to as a polysilicon tab 520. The conven 
tional lithographic process de?nes the location of a top sur 
face 521 of the polysilicon tab 520 for Which the polysilicon 
tab 520 remains co-planar With the top surface 1222 of the 
nitride polish stop layer 120. 

Next, With reference to FIG. 5B, in one embodiment, a Wet 
etching step is performed to remove portions of the silicon 
dioxide side Wall region 310 (FIG. 5A) that are exposed to the 
surrounding ambient. As a result, the p-type silicon substrate 
110 is exposed to the surrounding ambient on the side Walls of 
the trench 510. As seen in FIG. 5B, a remaining oxide region 
530 of the silicon dioxide side Wall region 310 (FIG. 5A) 
(after the Wet etching step) sandWiches the polysilicon tab 
520. 

FIG. 6 shoWs the structure 100 of FIG. 5B Without the 
p-type silicon substrate 110 for better observation. As seen in 
FIG. 6, the structure 100 comprises the nitride polish stop 
layer 120, the polysilicon tab 520 (With the top surface 521), 
and the oxide region 530 sandWiching the polysilicon tab 520. 
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4 
Hereafter, the p-type silicon substrate 110 of FIG. 5B is 
omitted in the FIGS. 6-12B for clarity. 

Next, With reference to FIG. 7A, in one embodiment, an 
oxide layer 710 is formed on the entire exposed surface of 
structure 100 of FIG. 5B (including on the bottom Wall and 
side Walls of the trench 510 of FIG. 5B). Illustratively, the 
oxide layer 710 is formed by CVD of silicon dioxide every 
Where on the structure 100 of FIG. 5B, resulting in the oxide 
layer 710 as shoWn in FIG. 7A. 

Next, With reference to FIG. 7B, in one embodiment, a 
polysilicon region 720 is formed in the trench 510 of FIG. 5B. 
Illustratively, the polysilicon region 720 is formed by (i) 
depositing heavily-doped n-type polysilicon everyWhere on 
top of the structure 100 of FIG. 7A by CVD until the trench 
510 is ?lled With heavily-doped n-type polysilicon, and then 
(ii) planariZing the deposited heavily-doped n-type polysili 
con until the oxide layer 710 is exposed to the surrounding 
ambient. 

Next, With reference to FIG. 8A, in one embodiment, a 
patterned nitride layer 810 is formed on top of the structure 
100 of FIG. 7B such that the entire top surface 521 (FIG. 6) of 
the polysilicon tab 520 and a portion of the polysilicon region 
720 (FIG. 7B) are directly beneath the patterned nitride layer 
810. Illustratively, the patterned nitride layer 81 0 is formed by 
depositing a blanket nitride ?lm (not shoWn) and then using a 
conventional lithographic process folloWed by an etching 
step. 

Next, With reference to FIG. 8B, in one embodiment, a 
trench 820 (aligned With the patterned nitride layer 810) is 
formed in the polysilicon region 720 (FIG. 8A). Illustratively, 
the trench 820 is formed by using the patterned nitride layer 
810 as a blocking mask to directionally etch a portion of the 
polysilicon region 720 (FIG. 8A). The remaining portion of 
the polysilicon region 720 (FIG. 8A) after the etching step is 
a polysilicon tab 830 (Which has an L-shape, although not 
recogniZable in FIG. 8B). 

Next, in one embodiment, exposed portions of the oxide 
layer 710 are isotropically etched, resulting in the structure 
100 of FIG. 9. 

Next, With reference to FIG. 10A, in one embodiment, a 
polysilicon region 1011 is formed in the trench 820 (FIG. 9) 
and on top of the nitride polish stop layer 120 (as shoWn in 
FIG. 10A). Illustratively, the polysilicon region 1011 is 
formed by (i) depositing heavily-doped n-type polysilicon 
everyWhere on top of the structure 100 of FIG. 9 by CVD 
(including in the trench 820 of FIG. 9), and then (ii) planariZ 
ing the deposited heavily-doped n-type polysilicon by CMP 
until the patterned nitride layer 810 is exposed to the sur 
rounding ambient, resulting in structure 100 of FIG. 10A. 

Next, With reference to FIG. 10B, in one embodiment, the 
polysilicon 1011 of FIG. 10A is directionally etched by RIE 
(Reactive Ion Etching) resulting in a polysilicon region 1010, 
Which is recessed beloW the top surface of the p-type silicon 
substrate 110 (FIG. 1). 

Next, With reference to FIG. 10C, in one embodiment, an 
oxide material (such as silicon dioxide) is (i) deposited on the 
entire surface of the structure 100 of FIG. 10B by CVD and 
then (ii) planariZed by a CMP step until the nitride layer 810 
is exposed to the surrounding ambient, resulting in the oxide 
region 1020 as shoWn in FIG. 1C. 

Next, With reference to FIG. 11, in one embodiment, all 
layers above the top surface 122 of the nitride polish stop 
layer 120 are removed by using a conventional process. As a 
result, the patterned nitride layer 810 (FIG. 10B), the oxide 
layer 710 (FIG. 10B), a portion of polysilicon 1010, and a 
portion of the oxide region 1020 (FIG. 10B) are removed, 
resulting in the structure 100 as shoWn in FIG. 11. 
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Hereafter, the remaining portion of the oxide region 1020 
ofFlG. 10C is referred to as an oxide region 1110 ofFlG. 11. 
As a result of the removal described above, the top surface 
521 of the polysilicon tab 520, a top surface 712 of the oxide 
layer 710, a top surface 832 of the polysilicon tab 830, and a 
top surface 1012 of the polysilicon region 1010 are exposed to 
the surrounding ambient at top of the structure 100 of FIG. 11. 

Next, With reference to FIG. 12A, in one embodiment, a 
trench 1210 is formed in the oxide region 1110 of FIG. 11. 
lllustratively, the trench 1210 is formed by a conventional 
lithographic process folloWed by an etching step. 

Next, With reference to FIG. 12B, in one embodiment, a 
polysilicon region 1220 is formed in the trench 1210 of FIG. 
12A. lllustratively, the polysilicon region 1220 is formed by 
(i) CVD of heavily-doped n-type polysilicon until the trench 
1210 (FIG. 12A) is ?lled, and then (ii) a CMP step. 

FIG. 12C shoWs a cross section vieW of the structure 100 of 
FIG. 12B. At this point of the ?rst fabrication process, the 
structure 100 comprises the nitride polish stop layer 120, the 
polysilicon region 1220, the oxide region 1110, a polysilicon 
region 1010+830 (comprising the polysilicon region 1010 
and the polysilicon tab 830), an oxide region 710+530 (com 
prising the oxide layer 710 and the oxide region 530), the 
polysilicon tab 520, and the p-type silicon substrate 110. 

Next, With reference to FIG. 13A, in one embodiment, the 
structure 100 of FIG. 12C is heated at a high temperature so 
that the dopants in the polysilicon regions 1220, 1010+830, 
and 520 diffuse into the p-type silicon substrate 110, resulting 
in highly-doped n-type regions 1311, 1312, and 1313, respec 
tively as shoWn in FIG. 13A. 

With reference to FIG. 13B, for simplicity, the polysilicon 
region 1220 and the highly-doped n-type region 1311 of FIG. 
13A can be collectively referred to as an electrode 1314, the 
polysilicon region 1010+830 and the highly-doped n-type 
region 1312 of FIG. 13A can be collectively referred to as an 
electrode 1315 (FIG. 13B), and the polysilicon region 520 
and the highly-doped n-type region 1313 of FIG. 13A can be 
collectively referred to as an electrode 1316 (FIG. 13B). The 
three electrodes 1314, 1315, and 1316 (Which are electrically 
separated by oxide regions 1317 and 1318) can be collec 
tively referred to as a block 1310. The electrode 1314 is 
already at the top surface of the structure 100, Whereas the 
other tWo electrodes 1315 and 1316 are at different depths in 
the p-type silicon substrate 110 and separately and electri 
cally linked to the top surface of the structure 100 at top 
surface 521 and top surface 832, respectively (FIG. 12B), by 
the polysilicon regions 520 and 830, respectively. 

In the embodiments described above, for simplicity, the 
structure 100 comprises only one block 1310 (FIG. 13B). 
HoWever, in general, the semiconductor optical sensor 100 
can comprise multiple blocks similar to the block 1310. 

For illustration, FIG. 13C shoWs the structure 100 that 
comprises the block 1310 and another block 1320 similar to 
the block 1310. The block 1310 comprises the three elec 
trodes 1314, 1315, and 1316 as described above. The block 
1320 comprises three electrodes 1324, 1325, and 1326 simi 
lar to the three electrodes 1314, 1315, and 1316, respectively. 
As a result, the structure 100 of FIG. 13C can be considered 
comprising three electrode pairs: 1314-1324, 1315-1325, and 
1316-1326. It should be noted that in FIG. 13C, the semicon 
ducting block 110a+110b+110c of the silicon substrate 110 
disposed betWeen the tWo blocks 1310 and 1320 comprises 
three semiconducting regions 110a, 110b, and 1100 Which 
are in direct physical contact With each other as shoWn, 
Wherein the ?rst semiconducting region 11011 is disposed 
betWeen and in direct physical contact With the ?rst electrode 
1316 and the fourth electrode 1326, Wherein the second semi 
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6 
conducting region 1101) is disposed betWeen and in direct 
physical contact With the second electrode 1315 and the ?fth 
electrode 1325, and Wherein the third semiconducting region 
1100 is disposed betWeen and in direct physical contact With 
the third electrode 1314 and the sixth electrode 1324. 

With reference to FIG. 13D, in one embodiment, the opera 
tion of the structure 100 is as folloWs. Photons 1350 of inci 
dent light 1351 go through the nitride polish stop layer 120 
doWn to the p-type silicon substrate 110 (betWeen the tWo 
blocks 1310 and 1320). Blue photons 1341, green photons 
1342, and red photons 1343 of the photons 1350 (of the 
incident light 1351) go into the p-type silicon substrate 110 
doWn to three different depths. The energy of the photons 
1341, 1342, and 1343 are absorbed by the silicon atoms in the 
p-type silicon substrate 110, resulting in electronihole pairs 
at the three different depths, corresponding to the three elec 
trode pairs: 1314-1324, 1315-1325, and 1316-1326. 
When the electrode pairs 1314-1324, 1315-1325, and 

1316-1326 are connected to three different poWer sources 

1361, 1362, and 1363, respectively the electrons 1370 move 
toWard the electrodes coupled to the anode, and the holes 
1380 move toWard the electrodes coupled to the cathode, 
resulting in three independent electric currents Whose current 
magnitudes are proportional to the number of the photons 
absorbed at each of the three depths in the p-type silicon 
substrate 110. Based on the three current magnitudes, the 
ratio of blue photons 1341, green photons 1342, and red 
photons 1343 of the incident light 1351 can be determined. As 
a result, the structure 100 of FIG. 13D plays the role of the 
semiconductor optical sensor Which can be sensitive to quan 
tities of photons having different colors (Wave lengths). 

FIGS. 14-18 shoW a second fabrication process for forming 
a semiconductor optical sensor 200, in accordance With 
embodiments of the present invention. 

With reference to FIG. 14, in one embodiment, the second 
fabrication process starts out With a silicon substrate 1410. 
Next, in one embodiment, a nitride polish stop layer 1420 is 
formed on top of the silicon substrate 1410. lllustratively, the 
nitride polish stop layer 1420 is formed by CVD. 

Next, With reference to FIG. 15, in one embodiment, 
trenches 1511,1512,1513,1521,1522,and 1523 are formed 
in the nitride layer 1420 and the silicon substrate 1410. lllus 
tratively, the trenches 1511 and 1521 are formed by a con 
ventional lithographic process folloWed by an etching step. 
Next, the trenches 1512, and 1522 are formed in the same 
manner (using a conventional lithographic process folloWed 
by an etching step). Next, similarly, the trenches 1513 and 
1523 are formed by a conventional lithographic process fol 
loWed by an etching step. 

Next, With reference to FIG. 16, in one embodiment, oxide 
layers 1611,1612,1613,1621,1622,and 1623 are formed on 
the side Walls ofthe trenches 1511, 1512, 1513, 1521, 1522, 
and 1523, respectively. lllustratively, oxide layers 1611, 
1612, 1613,1621, 1622, and 1623 are formed by (i) deposit 
ing silicon dioxide by CVD everyWhere on the exposed sur 
face of structure 200 of FIG. 15 (including on bottom Walls 
and side Walls ofthe trenches 1511, 1512, 1513, 1521, 1522, 
and 1523) so as to form a silicon dioxide layer (not shoWn), 
and then (ii) directionally etching back the deposited silicon 
dioxide layer, resulting in the oxide layers 1611, 1612, 1613, 
1621, 1622, and 1623 as shoWn in FIG. 16. 

Next, With reference to FIG. 17, in one embodiment, poly 
silicon regions 1711, 1712, 1713, 1721, 1722, and 1723 are 
formed in the trenches 1511, 1512, 1513, 1521, 1522, and 
1523 of FIG. 16, respectively. lllustratively, the polysilicon 
regions 1711, 1712, 1713, 1721, 1722, and 1723 are formed 
by (i) depositing of a heavily-doped n-type polysilicon layer 




